OsGBPs are a small family of four genes in rice (Oryza sativa L.) that function as transcription factors recognizing the GAGA motif; however, their functions in plant growth and development remain unclear. Here we report the functions of OsGBPs in plant growth and grain development. Knock-down and knock-out of OsGBP1 promoted seedling growth and enhanced grain length, whereas overexpression of OsGBP1 exhibited the opposite effect on seedling growth and grain length, indicating that OsGBP1 repressed grain length and seedling growth. In addition, overexpression of OsGBP1 led to delayed flowering time and suppressed plant height. OsGBP1 could regulate OsLFL1 expression through binding to the (GA) 12 element of its promoter. In contrast, OsGBP3 induced grain length and plant height. Grain length and plant height were decreased in OsGBP3 RNAi lines and were increased in OsGBP3 overexpression lines. We also found a synergistic effect of these two genes on grain width and plant growth. RNAi of both OsGBP1 and OsGBP3 resulted in severe dwarfism, compared with RNAi of a single gene. These results suggest the presence of functional divergence of OsGBPs in the regulation of grain size and plant growth; these results enrich our understanding of the roles of GAGA-binding transcription factors in the regulatory pathways of plant development.
INTRODUCTION
Transcription factors (TFs) can temporally and spatially regulate target gene expression by binding to the cis elements in the transcriptional regulatory region of genes. GAGA-binding factors (GAFs) are a family of TFs characterized by their specific binding property to the repeat sequence (GA/TC) n . GAFs were first found and thoroughly examined in Drosophila melanogaster, where they are involved in the regulation of numerous developmental genes through cooperation with chromatin remodeling factors (Tsukiyama et al., 1994; Lehmann, 2004; Adkins et al., 2006; Berger and Dubreucq, 2012) . Compared with welldocumented studies in this animal model, the functions of the GAF family in plants remain elusive. In plants, numerous transcription factors with GAGA motif-binding properties have been identified, such as GAGA-binding protein (GBP) in Glycine max (soybean; Sangwan and O'Brian, 2002) , barley recombinant B (BBR) in Hordeum vulgare (barley; Santi et al., 2003) and the BASIC PENTACYSTEIN (BPC) family in Arabidopsis thaliana (Meister et al., 2004) . These plant-specific TFs have similar binding properties to putative GAGA motifs, but they share no sequence similarity with the GAF proteins of animals (Granok et al., 1995) . The GBP/BBR/BPC proteins contain a highly conserved DNA-binding domain at their C terminus and divergent domains at the N terminus (Meister et al., 2004; Wanke et al., 2011) . They participate in the extensive processing of structures such as leaf and flower (Santi et al., 2003) , and ovules and embryos (Meister et al., 2004; Kooiker et al., 2005; Berger et al., 2011) , and in inflorescence architecture development (Simonini and Kate, 2014) . The BPC family in Arabidopsis contains seven members grouped into three classes, namely: class I (BPC1-BPC3), class II (BPC4-BPC6) and class III (BPC7). The BPCs are reported to play crucial roles in various developmental processes. For example, BPC1-BPC3 regulated the ovule identity homeotic gene SEEDSTICK by remodeling its chromatin (Kooiker et al., 2005; Simonini et al., 2012) . They also activated the expression of LEAFY COTYLEDON2 to control seed development (Berger et al., 2011) . BPC4-BPC6 play roles in plant architecture, as they are required for proper internode elongation, suppression of axillary growth and maintenance of primary inflorescence growth. The bpc4 bpc6 double mutant displayed pleiotropic phenotypes for early flowering, shorter plant height, smaller leaves, fewer rosette leaves and defective floral organs, relative to the wild type (Hecker et al., 2015) , but single mutants had no visible phenotypic differences compared with the wild type (Monfared et al., 2011) .
Flowering time, or heading date (HD), is one of the most important agronomic traits that determine seasonal adaption and yield potential in crops. It is a complex process of transformation from vegetative to reproductive growth in plants, and is precisely regulated by both genetic factors and environmental signals, such as light and temperature (Song et al., 2013) . The photoperiod or day length is the most important environmental factor determining flowering time. Thus far, two main signaling pathways have been reported to control the photoperiodic flowering in Oryza sativa (rice). One is the Heading date 1 (Hd1)-dependent pathway. Hd1, a gene homolog of Arabidopsis CONSTANS (CO), promotes the expression of Heading date 3a (Hd3a) under short-day (SD) conditions, and inhibits its expression under long-day (LD) conditions (Yano et al., 2000; Izawa et al., 2002; Hayama et al., 2003) . The other pathway is dominated by Early heading date 1 (Ehd1), which encodes a B-type response regulator and positively regulates the expression of downstream genes Hd3a and Rice flowering locus T1 (RFT1) (Doi et al., 2004; Komiya et al., 2008 Komiya et al., , 2009 . It is a unique flowering activator in rice, and functions as a signal integrator of floral transition for multiple pathways. For example, RICE INDETERMINATE 1 (RID1/OsId1)/Ehd2, independent of photoperiod and the circadian clock, promotes the expression of Ehd1 to induce rice flowering (Matsubara et al., 2008; Park et al., 2008; Wu et al., 2008) . OsLFL1, a LEC2/FUS3-like gene, constitutively inhibits Ehd1 expression and delays flowering time (Peng et al., 2007 (Peng et al., , 2008 . GHD7 and GHD8 are identified with a pleiotropic effect on grain number, plant height and heading date in rice. Both genes delayed flowering through inhibiting the expression of Ehd1 (Xue et al., 2008; Wei et al., 2010; Yan et al., 2011) . Recent studies showed that the regulatory pathways of Hd1 and Ehd1 are not independent. The protein HD1 inhibits the expression of Ehd1 by interacting with GHD7 under LD conditions (Nemoto et al., 2016) .
Grain size is also one of the key agronomic characters affecting plant yield, which is regularly determined by grain length and grain width. Several genes for grain size have been cloned and characterized in rice. Most of these genes are involved in the signaling pathways mediated by proteasome degradation, phytohormones and G proteins to regulate seed development (Zuo and Li, 2014) . For example, GW2, encoding a previously unknown RING-type E3 ubiquitin ligase, negatively regulates grain width by influencing cell proliferation (Song et al., 2007) . Gibberellin-Deficient Dwarf 1 (GDD1) and Short Grain Length (SGL)/SRS3, both encoding kinesin-like proteins that take part in the gibberellins biosynthesis pathway, are associated with grain length through promoting cell proliferation or elongation (Li et al., 2011a; Wu et al., 2014) . Grain Size 2 (GS2), encoding Growth-Regulating Factor 4, increases grain length through influencing the expression of brassinosteroid-induced genes (Che et al., 2015; Hu et al., 2015) . The rice dwarf 11 (d11) mutant shows a typical brassinosteroid-deficient phenotype, characterized as dwarfism with small round seeds. D11 encodes a cytochrome P450 protein involved in brassinosteroid biosynthesis (Tanabe et al., 2005) . Grain Size 3 (GS3) encodes a putative transmembrane protein that shares considerable homology with an atypical heterotrimeric G-protein c-subunit. The loss-of-function mutations in the putative c-subunit increase grain size (Mao et al., 2010) . In addition, GS5 encodes a putative serine carboxypeptidase and enlarges grain width through promoting cell proliferation (Li et al., 2011b) . Small and Round Seed 5 (SRS5) encodes a-tubulin protein positively affecting grain length. The mutant srs5 also shows a semi-dwarf and short-panicle phenotype (Segami et al., 2012) . Characterization of these genes suggests that grain size is governed by cell proliferation and expansion through diverse regulatory mechanisms.
In the present work, we report the characterization of a TF family that encodes GAGA-binding proteins in rice, here designated OsGBPs. This family comprises four genes in rice. Of these, OsGBP1 positively affected flowering time through directly binding to the OsLFL1 promoter, and negatively affected seedling biomass and grain length, whereas OsGBP3 exhibited an antagonistic function on grain length. Our results demonstrate that OsGBP1 and OsGBP3 in rice have conserved and differentiated functions in many aspects of plant growth and development.
RESULTS
Gene similarity and expression pattern of transcription factor OsGBPs A search of plant transcription factor databases (http:// planttfdb.cbi.pku.edu.cn/) revealed that the BPC/GBP family in rice comprises four genes. We named them as OsGBP1-OsGBP4. Among these, OsGBP1 (Os06 g04010) is located on chromosome 6, and the remaining three reside together on chromosome 10. Phylogenetic analysis of amino acid sequences of the GBPs in rice and Arabidopsis subdivided them into two classes (Figure 1a ). OsGBP1 displays a single copy in the rice genome and is grouped into class I, together with AtBPC4-AtBPC6, whereas OsGBP2-OsGBP4, as duplication genes that have a high sequence similarity, are grouped into class II with AtBCP1-AtBCP3. The same two groups of GBPs were also disclosed in GAL4-fLUC reporter. fLUC activity was normalized to that of Renilla luciferase (rLUC), which was introduced simultaneously as an internal control. The relative activity of fLUC to rLUC is given as mean AE SD (n = 3). Asterisks indicate significance compared with GAL4BD vector at **P < 0.01 by Student's t-test.
several monocots and eudicots ( Figure S1 ). A multiple sequence alignment of the deduced amino acids of GBPs in rice and BCPs in Arabidopsis revealed divergence at the N-terminal region and conservation at the C-terminal region. A zinc finger-like domain in the C terminus is highly conserved across the classes; however, a coiled-coil domain in the N terminus in class I is absent in class II ( Figure S2 ). This clear separation suggests an ancient divergence in protein structure of these two classes. As OsGBP2 and OsGBP3 share the same sequences (Figure S2) , OsGBP3 is hereafter referred to as either OsGBP2 or OsGBP3 for further investigation. The expression profile analysis of OsGBP1 and OsGBP3 showed a similar expression pattern in all assayed tissues, including root, stem, sheath, leaf and panicle; the highest levels occurred in young inflorescences and tended to decrease in mature panicles during later development stages ( Figure 1b) ; however, the expression of OsGBP4 was undetected in any tissue ( Figure S3 ), indicating that it may be a pseudogene. Subcellular localization of OsGBP1 or OsGBP3 in rice protoplast cells revealed that both proteins are localized in the nucleus (Figure 1c, d) with the nuclear localization marker GHD7 (Xue et al., 2008) . To further test the transcriptional activity of OsGBP1 and OsGBP3, dual-luciferase transient transcriptional activities were assayed in rice protoplasts. The transient transcriptional assays demonstrated that both genes have a transcriptional activation activity (Figure 1e, f) . These results suggest the potential function of OsGBP1 and OsGBP3 as transcription factors playing roles in the regulation of downstream gene expression.
OsGBP1 affects seedling growth and grain length
To elucidate possible functions of OsGBP1, we obtained an osgbp1 mutant with a T-DNA insertion in the second intron of OsGBP1 (Figure 2a, b) . Quantitative real-time PCR (qRT-PCR) showed that the expression of OsGBP1 was abolished in the osgbp1 mutant (Figure 2c ). Evaluation of seed-related traits revealed that grain length in the osgbp1 mutant was longer than in the wild type (WT) (Figure 2d , e), but there was no difference in grain width ( Figure S4 ). In addition, osgbp1 showed increased seedling height and increased seedling biomass of shoot and root (Figure 2f-h) .
To further investigate the function of OsGBP1 in the control of grain length and seedling growth, we conducted RNA interference (RNAi) of OsGBP1 plants. Two independent transgenic lines (B1R1 and B1R2) with reduced OsGBP1 expression had significantly increased grain length, seedling height, as well as seedling biomass, compared with the transgenic negative control (Figure 3a -c, eg), but there was no change in grain width ( Figure S4 ). We also generated 35S:OsGBP1-GFP overexpression transgenic plants using the variety ZH11 (OX). The OX plants overexpressing OsGBP1 had reduced seedling height and seedling biomass, and significantly decreased grain length, compared with the control (Figure 3a -b, d, h-j). Grain width was not altered, however ( Figure S4 ). These observations suggest that OsGBP1 is involved in many different developmental processes, in particular negatively regulating seedling growth and grain length development.
Overexpression of OsGBP1 delays flowering time
In terms of the transition of vegetative growth to reproductive development, the OX plants of OsGBP1-GFP revealed a late-flowering phenotype compared with the wild type under both natural LD and SD conditions (Figure 4a-c) . The OX lines (OX1, OX2 and OX3) flowered approximately 1-3 weeks later than the negative transgenic lines under both photoperiod conditions. In addition, the OX plants of OsGBP1 showed reduced plant height (Figure 4d , e). In contrast, flowering and plant height in the osgbp1 mutant and OsGBP1 RNAi lines were not significantly altered (Figure S4) .
Additional overexpression transgenic lines were generated using a construct 35S:OsGBP1 transformed into the variety ZH11. Consistent results were observed in both OsGBP1 and OsGBP1-GFP overexpression lines. Three independent lines (OE5, OE8 and OE12) overexpressing OsGBP1 all showed a late flowering time and short plant height under both LD and SD conditions ( Figure S5 ), further supporting the notion that OsGBP1 contributes to inhibiting flowering time and reducing plant height. Hence, OsGBP1 functions as a suppressor of plant growth and flowering in rice.
Overexpression of OsGBP1 alters the expression of flowering-related genes
To identify the roles of OsGBP1 in floral induction, transcripts of several flowering-related genes in the OsGBP1 overexpression line (OX2) were detected by qRT-PCR. The expression analyses showed that the floral integrator Ehd1 and the florigen genes Hd3a and RFT1 were significantly downregulated in the OX2 line compared with the WT line under both natural LD conditions ( Figure 5e , g-h) and SD conditions ( Figure 5m , o-p). Furthermore, the expression levels of OsLFL1 and Ghd8 in the OX2 line were elevated by approximately twofold relative to the WT line under both natural LD conditions (Figures 5b, d ) and SD conditions (Figures 5j, l) . In contrast, neither RID1/OsId1/Ehd2, as the positive regulators of Ehd1, nor Hd1 was altered in the OX2 line, compared with the WT, under both photoperiod conditions (Figures 5c, f, k, n). OsLFL1 and Ghd8 were reported as upstream regulators of Ehd1 that could delay flowering through reducing Ehd1 expression (Peng et al., 2007 (Peng et al., , 2008 Wei et al., 2010; Yan et al., 2011) . Hence, these results suggest that OsGBP1 positively regulates OsLFL1 and Ghd8 transcription, leading to the downregulation of the Ehd1-Hd3a pathway, which delayed flowering.
OsGBP1 binds to the promoter of the flowering-related genes OsLFL1 and Ghd8
Previous studies in Arabidopsis, barley and soybean indicated that the DNA-binding domain of BBR/BPCs involved the binding of the (GA/TC) n repeat element in the promoter of several genes to regulate their expressions. As a result of the upregulation of transcripts of Ghd8 and OsLFL1 by OsGBP1, we conducted a motif analysis in the 2-kb promoter region (upstream of the translation initiation site) of these two genes. The results revealed that OsLFL1 and Ghd8 both contain the (GA) n repeat motifs: a (GA) 12 in the OsLFL1 promoter (Figure 6a ), and two motifs (CT) 9 and (CT) 6 in the Ghd8 promoter ( Figure S6a ), which may represent the GAGA-binding motif.
To test whether OsGBP1 binds to the GAGA motif in these two genes, we constructed vectors that fused the corresponding GAGA motifs with the LacZ reporter gene and vector pB42AD-OsGBP1 for a yeast one-hybrid assay. The assays showed that OsGBP1 could bind to the promoter fragment of OsLFL1, thus activating the (h-j) Lower grain length (h), seedling height (i), and fresh weight of root and shoot (j) in the overexpression lines, compared with ZH11. Data are given as means AE SEs: (e-g) n = 15; (h-j) n = 30. Asterisks indicate significant differences at *P < 0.05 or **P < 0.01 by Student's t-test.
expression of reporter gene LacZ. As a control, the fragment with (GA) 12 mutated to (TA) 12 could not activate LacZ expression (Figure 6c ). In agreement with this, expressions of OsLFL1 were repressed in the osgbp1 mutant and OsGBP1 RNAi lines (Figure 6b ). To examine whether the OsGBP1 protein directly recognizes the (GA) n elements, we further generated a GST-OsGBP1 recombinant protein in Escherichia coli BL21 for an electrophoresis mobility shift assay (EMSA) in vitro. As shown in Figure 6d , the GST-OsGBP1 (but not the GST) protein specifically bound to the (GA) 12 fragment of the OsLFL1 promoter, and excess quantities of unlabeled competitor inhibited the binding activity. The mutant (TA) 12 fragment revealed no binding to GST-OsGBP1, and excess quantities of the mutated fragment as competitor (mut) could not inhibit the binding activity. Dualluciferase transient assays in rice protoplasts showed that OsGBP1 could activate firefly luciferase gene expression by interacting with the OsLFL1 promoter (Figure 6e ). These results demonstrated that OsGBP1 regulates OsLFL1 expression through directly binding to the (GA) 12 motif of its promoter. In addition, yeast one-hybrid and EMSA and transient assays revealed that OsGBP1 was able to bind GAGA motifs in the Ghd8 promoter also ( Figure S6 ).
Differentiation of the GBP family
Two GBP classes are present in both monocot and dicot species. In class I, OsGBP1 is closely related to a homologous gene (Lp06 g01660) from Leersia perrier, a relative species of Oryza, whereas OsGBP2 and OsGBP3 are clustered with two tandem genes (Lp10G00500 and Lp10G00510) from Leersia in class II ( Figure S1 ). To further analyze the evolutionary relationships among GBPs in plant species, we compared gene context and order in an approximately 100-kb region around the GBP genes among several grasses, including rice, barley, Brachypodium distachyon, Zea mays (maize) and Sorghum bicolor (sorghum). The genes orthologous to OsGBP1 exhibited a high microsynteny among monocots, in which each species has only a single homolog (Figures 7 and S7 ). Notably, as duplication genes the other family members (i.e. OsGBP2, OsGBP3 and OsGBP4) are located in tandem on chromosome 10, as in rice. This cluster of tandem GBP genes has been identified in the other grasses studied, such as the progenitors L. perrieri, B. distachyon, and sorghum ( Figures S1 and S7) . Moreover, the presence of tandem GBP genes is also maintained outside the grass family (i.e. soybean; Figure S1 ), indicating that the tandem duplication occurred before the dicot/monocot split. These results suggest that OsGBP1 and OsGBP2/3/4 are of independent origin. Altered expressions of seven flowering-related genes in OsGBP1 overexpression line (OX2) under natural long-day (NLD) conditions (a-h) and under short-day (SD) conditions (i-p). Leaf samples were harvested from 35-day-old plants. Transcription levels relative to the wild type (WT), which was set to 1, are presented as means AE SDs of triplicates. Asterisks indicate a significant difference in OX2 compared with WT at **P < 0.01 by Student's t-test; ns, not significant. B3R10) with a reduced expression of OsGBP3 exhibited short plant height and grain length, compared with the WT (Figure 8a-e) , whereas there was no obvious change in seedling biomass and flowering time ( Figure S8a-c) . We also obtained OsGBP3 OX transgenic plants. The OX lines overexpressing OsGBP3 increased plant height, grain length and grain width (Figure 8c-d, f) ; however, no significant change in seedling growth or flowering time was detected between the overexpression lines and the WT (Figure S8d-f) .
RNAi of both OsGBP3 and OsGBP1 plants was developed by crossing OsGBP1 RNAi plants and OsGBP3 RNAi plants in the common Nipponbare (Nip) background. qRT-PCR analysis revealed that both genes were expressed at a low level in the double-gene RNAi line (Figure 9b ). The double-gene RNAi plants showed a severe dwarf phenotype compared with the RNAi of single OsGBP3 or OsGBP1 (Figure 9a , e). OsGBP3 expression was not altered in the OsGBP1 RNAi line, and OsGBP1 expression was not affected in the OsGBP3 RNAi line (Figure 9b ), suggesting neither co-silencing effects nor compensatory upregulation between these two genes. In addition, grain width was decreased in double-gene RNAi plants, whereas grain length was not affected with respect to the wild type (Figure 9c, d ). No significant difference in flowering time was observed between single-gene RNAi and double-gene RNAi lines across the 2 years of trials, however (Figure 9f ). These results indicate that OsGBP1 and OsGBP3 may act in independent pathways to regulate plant growth and grain width.
OsGBPs modulate several genes associated with grain size
To elucidate the molecular mechanism of GBPs regulating grain size, we searched for GAGA motifs (GA repeated more than five times) in approximately 3 kb of the promoter region of 53 genes that were reported to be involved in grain size; we found that the GAGA motifs exist in at least 18 genes (Table S2) . qRT-PCR analyses validated that six genes (GDD1, GS2/GL2, SRS5, Dwarf11, SRS3 and OsSPL14) were significantly induced by OsGBP1 in the osgbp1 mutant and OsGBP1 RNAi plants ( Figure S9a, b) , although there was significant repression in the OsGBP1 OX lines (Figure S9c) . In contrast, these genes (except Dwarf11) were repressed in OsGBP3 RNAi plants but increased in OsGBP3 OX lines ( Figure S9d, e) . In addition, the gene GS5 was repressed, and GW2 was significantly induced in the double-gene RNAi lines relative to the WT ( Figure S9f ), but expression was not altered in the single-gene RNAi lines ( Figure S9b, d) . Hence, OsGBP1 and OsGBP3 are involved in dependent and independent regulation mechanisms controlling grain length and grain width. 
DISCUSSION

Roles of OsGBPs in grain development
One of the important findings in the present study is that both OsGBP1 and OsGBP3 play roles in grain development in rice. Overexpression of OsGBP1 decreased grain length, whereas the knock-down or knock-out of OsGBP1 increased grain length relative to the WT (Figures 2 and 3) . No obvious differences in grain width were observed in the OsGBP1 transgenic lines, however. These results suggest that OsGBP1 does affect grain length but not grain width. In contrast, overexpression of OsGBP3 enlarged the grain size (length and width), whereas the knock-down of OsGBP3 decreased grain length but did not change grain width compared with the WT (Figure 8) . Previous studies have shown that BPCs, homologous GBPs of rice, are involved in seed development, as evidenced by aberrant seed shape in the BPC quadruple mutant (bpc1-1 bpc2 bpc4 bpc6) in Arabidopsis (Monfared et al., 2011) . Interestingly, no seed phenotypic effects were observed for single mutants in any BPC gene. Hence, our results provide direct support for the hypothesis that both OsGBP1 and OsGBP3 play a role in grain development in rice.
As transcription factors, OsGBPs may regulate a wide variety of genes at the transcriptional level. In the current study we found that several genes associated with grain size were commonly modulated by OsGBP1 in a negative way, and by OsGBP3 in a positive way. These genes include GDD1, GS2/GL2, SRS5, Dwarf11 and SRS3, which have been reported to be associated with grain length through promoting cell proliferation or elongation (Li et al., 2011a,b; Segami et al., 2012; Wu et al., 2014; Che et al., 2015; Hu et al., 2015) . Furthermore, the grain length phenotypes altered in the overexpression or knock-down of OsGBP1 and OsGBP3 lines are in agreement with the transcriptional regulation of genes reported to influence grain length (Figures 3,8 and S9 ). In addition, a narrower grain width was observed in the double-gene RNAi lines, and a wider grain was observed in the OsGBP3 overexpression lines. Consistent with this, down-regulation expression of GS5 and induction of GW2 were detected in the double-gene RNAi lines ( Figure S9 ). It has been reported that GS5 as a negative regulator and GW2 as a positive regulator control grain width in rice (Song et al., 2007; Li et al., 2011b) . Considering that these genes contain a GA repeat motif in the promoter, we propose that OsGBP1 and OsGBP3 affect grain size by regulating the genes associated with grain development. In this regard, OsGBP1 manipulates the grain length genes in a repressive way, and OsGBP3 manipulates the grain length genes via activation, although further experiments are required on the molecular mechanisms of this regulation. Hence, OsGBP1 and OsGBP3 function in grain development in different regulatory ways.
OsGBP1 not only reduced grain size but also had a suppressive effect on plant growth. In terms of vegetative growth, the overexpression of OsGBP1 decreased seedling height and seedling biomass, and knock-out or knockdown of OsGBP1 increased seedling growth (Figures 2 and  3) . OsGBP3 also influenced plant height: overexpression of OsGBP3 increased plant height and knock-down of OsGBP3 decreased plant height (Figure 8 ). This is consistent with previous reports that the BPC genes have roles in Data are given as means AE SEs: (c, d) n = 15; (e, f) n = 25). Asterisks indicate significant differences compared with wild type Nip or ZH11 at *P < 0.05 or **P < 0.01 by Student's t-test; ns, no significant. plant growth in Arabidopsis (Hecker et al., 2015) . Taken together, our results demonstrated that OsGBPs also play roles in plant vegetative growth and reproductive development in rice.
OsGBP1 regulates OsLFL1 expression through binding to its GAGA motif
In the current study, the overexpression of OsGBP1 significantly delayed flowering time under both LD and SD conditions. This delay of flowering time in OsGBP1 overexpression lines indicates that OsGBP1 functions as a photoperiod-independent repressor to regulate flowering time. Expression analysis revealed that transcripts of the key flowering-related genes Ehd1, Hd3a and RTF1 were repressed in the OsGBP1 overexpression lines ( Figure 5) ; however, Ehd2 and Hd1 were not altered. This finding suggests that OsGBP1 may regulate flowering time through the Ehd1-Hd3a pathway. Notably, OsLFL1 and Ghd8 have been reported as genes that act as repressors upstream of Ehd1 in rice (Peng et al., 2007 (Peng et al., , 2008 Wei et al., 2010; Yan et al., 2011) . Transcription of the two genes OsLFL1 and Ghd8 was induced in the OsGBP1 overexpression lines and repressed in the OsGBP1 RNAi lines and the osgbp1 mutant ( Figures 5, 6 and S6). Furthermore, the GAGA-binding motifs were identified in the promoters of these two genes. It was hypothesized that transcription of OsLFL1 or Ghd8 could be regulated by OsGBP1 through binding to the GAGA-binding motif. Yeast one-hybrid, electrophoretic mobility shift assay (EMSA) and protoplast transient assays supported the suggestion that OsGBP1 can recognize the specific GAGA motif in the OsLFL1 and Ghd8 promoter (Figures 6 and S6 ). Because BPC6, a homolog in Arabidopsis, can recruit chromatin modification and remodeling factors to mediate the H3K27me3 methylation of target genes (Hecker et al., 2015) , it is possible that OsGBP1 may be involved in the enrichment of H3K27me3 at the OsLFL1 promoter to regulate rice flowering (Yang et al., 2013) , although this needs further exploration. We thus propose that OsGBP1 enhances OsLFL1 or Ghd8 expression to delay flowering time, probably through the OsLFL1-Ehd1-Hd3a pathway or the Ghd8-Ehd1-Hd3a pathway. In line with this notion, similar phenotypes such as later flowering were observed in OsLFL1 overexpression lines (Peng et al., 2007 (Peng et al., , 2008 and Ghd8 overexpression lines (Yan et al., 2011) , in which Ehd1 expression was downregulated and Hd3a expression was reduced. Flowering time was not altered significantly in OsGBP1 RNAi lines or the osgbp1 mutant, however ( Figure S4 ). This implies that OsGBP1 may affect other downstream genes such as OsLFL1 with functional redundancy or compensatory regulation of flowering in rice. These findings support the hypothesis that OsGBP1 contributes to the delay of flowering time through the regulation of several genes upstream of Ehd1, which provides a new layer of regulatory networks in rice flowering.
OsGBPs with differentiated functions
The OsGBP family comprised four gene members categorized into two classes based on their corresponding amino acid sequences. OsGBPs encode proteins that share a conserved zinc finger-like domain in the C terminus and a highly variable N-terminal region across the classes (Figure S2 ). This feature of two GBP classes is present in both monocot and dicot species ( Figure S1 ). It is notable that OsGBP1 has a strong co-linearity with the homologous genes in class I from several grasses (Figures 7 and S7 ), whereas a cluster of two or three tandem duplication genes (i.e. OsGBP2-OsGBP3) in a syntenic region in class II are also identified from some monocot and dicot plants.
These results indicate that GBPs in the two classes have evolved independently from common ancestors. Consistent with their apparently independent origin, the functional divergence of OsGBP1 and OsGBP3 in plant growth and development was revealed by a series of transgenic experiments. Firstly, RNAi of OsGBP3 reduced plant height; however, knock-down of OsGBP1 induced no changes in plant height (Figure 9 ). Secondly, overexpression of OsGBP1 negatively regulated flowering time (Figure 4) . In contrast, overexpression of OsGBP3 did not alter flowering time (Figure 9 ). Furthermore, although both act in grain development, OsGBP1 and OsGBP3 influence grain length in opposite ways by the repression or activation of their target genes (Figures 2, 3, 8 and S9 ).
It is notable that single-gene (OsGBP1 or OsGBP3) RNAi lines showed no change in grain width, but RNAi of both genes significantly reduced grain width. RNAi of both genes also caused a much more severe dwarf phenotype relative to the single-gene (OsGBP3) RNAi line ( Figure 9 ). This suggests that these two genes have independent or overlapping functions in grain width and plant height. This may be one factor that explains the lack of an obvious difference in grain length observed in double-gene RNAi plants, and no difference in plant height in the OsGBP1 RNAi lines relative to the WT. As mentioned above, all single mutants of BPC genes had no visible phenotypic differences compared with the wild type, and only multi-gene mutants exhibited pleiotropic phenotypes, with impaired vegetative and reproductive development (Monfared et al., 2011) , indicating that the functions of BPC genes are convergent and divergent in Arabidopsis. Our results in the present study support the finding that OsGBPs have divergent functions in plant growth and development in rice. Because rice is a model plant and has shown great synteny within the grass family, the functional characterization of OsGBPs will provide a better understanding of the roles of GBPs in growth and development in grasses.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Overexpression lines of OsGBP1 with or without green fluorescent protein (GFP) were generated in japonica cultivar ZH11. Overexpression lines and RNAi lines of OsGBP3 were generated in ZH11 or Nipponbare (japonica cultivar), respectively. T-DNA insertion mutants of OsGBP1 in japonica 'Dongjing' were obtained from the Salk Institute Genomic Analysis Laboratory (http://signal.salk.edu/ cgi-bin/RiceGE). All plants were grown and investigated under natural field conditions at the experimental station of Huazhong Agricultural University (114.36°E, 30.48°N), Wuhan, China. For natural long-day conditions (NLD), seeds were sown in mid-May, ensuring the day length at the young panicle-developing stage to be longer than 13.5 h (Fan et al., 2016) . For the short photoperiod treatment, seedlings were initially grown in the natural field for 25 days under NLD, and were then transplanted to the controlled growth chambers under SD conditions (10-h light/14-h dark) until the plants flowered. Heading date was recorded as the number of days from the sowing date to the day of panicle emergence from the leaf sheath. Plant height was recorded as the distance from the base of the plant to the tip of the longest panicle when the rice was mature. At least 15 plants for each genotype were measured for statistical analysis.
For grain length and width measurement, more than 100 plump seeds were measured with a scanner (Canon 5600F) for each sample. The grain length and width were calculated in IMAGEJ (https:// imagej.en.softonic.com). After eliminating extreme abnormal values, the average grain length and width of each sample were calculated using the PivotTable function of EXCEL, and a Student's t-test was performed for statistical comparison.
For seedling phenotype measurement, seeds were sterilized with 75% alcohol for 1 min and incubated with 0.15% HgCl 2 for 15 min. The sterilized seeds were washed five times with sterile water and inoculated into a sterile box containing half-strength MS culture medium. After 15 days growth in a growth chamber, the seedling height and maximum root length of 30 seedlings for each sample were measured using the method described in Dai et al. (2017) . The fresh weights (biomass) of aboveground (shoot) and underground (root) tissue of at least 10 seedlings were measured in three repeats.
Vector construction and plant transformation
To generate overexpression lines, the coding sequence (CDS) of OsGBP1 was amplified from leaf cDNA by specific primers OEGBP1-F and OEGBP1-R, with an adaptor containing the KpnI or BamHI digestion site, respectively, and then subcloned into the pGEM-T vector (Promega, https://www.promega.com). After sequence verification, the full-length CDS was introduced to the expression vector 1301S and 1301S-GFP (Dai et al., 2007) through KpnI/BamHI digestion to generate the vectors 1301S-OsGBP1 and 1301S-OsGBP1-GFP, respectively. The OsGBP3 overexpression vector was constructed by the same method using primers OEGBP3-F and OEGBP3-R. All the resultant plasmids were transformed into the Agrobacterium strain EHA105 and then introduced into ZH11 callus. For RNAi, a 303-bp fragment amplified from OsGBP1 cDNA and a 269-bp fragment amplified from OsGBP3 cDNA were cloned into pDS1301 vector first through BamHI/KpnI restriction sites in the sense orientation, and then through SacI/ SpeI restriction sites in the antisense orientation. The recombinant plasmids were transformed into the Agrobacterium strain EHA105 and introduced into Nipponbare callus. We also developed plants with RNAi of both OsGBP3 and OsGBP1 by crossing OsGBP1 RNAi and OsGBP3 RNAi plants. The primers used for vector construction are listed in Table S1 .
Phylogenetic and microsynteny analysis of GBP genes
The GBP amino acid sequences were obtained from the plant transcription factor database (http://planttfdb.cbi.pku.edu.cn). Sequences were aligned by CLUSTALW and an unrooted tree was constructed with the neighbor-joining method in MEGA 6.0 (Tamura et al., 2013) . The microsynteny analysis between rice and other grasses was carried out based on comparisons of the specific regions containing GBP genes. Annotation gene sequences approximately 100 kb upstream and downstream of each GBP from five grass species, including rice, maize, barley, brachypodium and sorghum, were obtained from the website (http:// ensembl.gramene.org/genome_browser/index.html). A syntenic block is defined as a region where three or more conserved homologous genes (BLASTp, E-value ≤ 10 À20 ) are located within a 100-kb region among species genomes (Sato et al., 2008) . A circular microsynteny map was constructed using CIRCOS 0.54 (Krzywinski et al., 2009).
Subcellular localization and transcriptional activation analysis
The full-length CDS of OsGBP1 or OsGBP3 (excluding the stop codon) was inserted into a PM999 vector through the XbaI restriction site, and then fused to the N terminus of GFP. The recombinant constructs Ubi:OsGBP1-GFP and Ubi:OsGBP3-GFP were co-transformed in rice protoplast cells with the nuclear marker Ubi:GHD7-CFP (Xue et al., 2008) . Rice protoplast isolation and transformation were based on the method described previously by Zhang et al. (2011) . The fluorescent signal was observed with confocal microscopy (TCS SP2; Leica, http:// www.leica.com) at 16 h after transformation. The DualLuciferase â Reporter Assay System (Promega) was used to analyze the transcriptional activation of OsGBPs. The CDS of OsGBP1 or OsGBP3 was inserted into a GAL4BD vector as an effector and 35S:GAL4-fLUC was used as a reporter; AtUbi:rLUC was used as an internal control. Effector, reporter and internal control (5:5:1 mass ratio) plasmids were co-transferred to rice protoplasts to measure luciferase activity in the dark for 14 h, according to a method described previously (Zong et al., 2016) . Using the same system, the CDS of OsGBP1 fused in a vector NONE as an effector and the GAGA-motif fragment of OsLFL1 or Ghd8 inserted into a 190-LUC vector were used as a reporter for testing transcriptional activation (Zong et al., 2016) .
Chemiluminescence was measured using the TECAN Infinite M200 (https://lifesciences.tecan.com). All of the plasmids used in this assay were purified with a QIAGEN Plasmid Midi Kit (https://www.qiagen.com). The primers used for vector construction are listed in Table S1 .
qRT-PCR analysis
Total RNA was extracted with a Transzol Kit (TransGen Biotech, https://www.transgen.com.cn) according to the manufacturer's instructions. A total of 3 lg of RNA was first treated with RNase-free DNase I (Invitrogen, now ThermoFisher Scientific), and then 20 lL of cDNA was synthesized with the MLV firststrand cDNA synthesis kit (Invitrogen, now ThermoFisher Scientific). The expression of OsGBP1, OsGBP3 and several flowering time-related or grain size-related genes were detected using specific primers listed in Table S1 . The plants were grown in controlled chambers with LD conditions (14-h light/10-h dark) and SD conditions (10-h light/14-h dark). Leaf samples were collected at Zeitgeber time 2 (ZT2) from 35-day-old plants. qRT-PCR was conducted using SYBR Green Master with the StepOnePlus TM real-time PCR system (ThermoFisher Scientific). For each sample, qRT-PCR was performed with three technical and three biological replicates. The rice ubiquitin (UBQ) gene was used as the internal control, and expression levels of the examined genes were analyzed via the 2 ÀDDC T method (Livak and Schmittgen, 2001 ).
Electrophoretic mobility shift assay (EMSA)
The full-length CDS of OsGBP1 was inserted into a pGEX-6P-1 vector. The recombinant plasmid was transformed into E. coli BL21 cells. The glutathione S-transferase (GST) fusion protein GSTOsGBP1 was obtained with 0.5 mM isopropyl b-D-1-thiogalactoside (IPTG) at 18°C for 20 h, and then purified with Glutathione Sepharose 4B resin (GE Healthcare, https://www.fishersci.com). The doublestrand DNA probes H1, H2 and L1 including the (GA) n element were produced by annealing 3 0 -biotin-labeled oligonucleotide primers Ghd8F1/R1, Ghd8MF1/MR1, Ghd8F2/R2, Ghd8MF2/MR2, OsLFL1F/R and OsLFL1MF/MR, respectively (Sangon Biotech, http://www.lifebiotech.com). The EMSA reaction and detection were performed using the Light Shift Chemiluminescent EMSA Kit (No. 20148; ThermoFisher Scientific), according to the manufacturer's instructions. Images were visualized on the Tanon-5200 Chemiluminescent Imaging System. All the primers are also listed in Table S1 .
Yeast one-hybrid assay
To generate AD-OsGBP1, the CDS of OsGBP1 was inserted into a pB42AD vector (Clontech, https://www.clontech.com) through EcoRI/XhoI restriction sites. To generate a cis-element reporter vector with LacZ, various fragments of Ghd8 and OsLFL1 promoters were amplified from genomic DNA of Nipponbare, and then inserted into a reporter plasmid pLacZi. Plasmids were co-transformed into yeast strain EGY48 and cultured on SD/-Trp/-Ura plates for 48 h, and then the transformants were transferred onto the SD/-Trp/-Ura/X-gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside) plates for blue color development. Primers used for the vector construction are listed in Table S1 .
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